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Abstract 

Superfluid 3 He confined in aerogel offers a unique chance to study the ef- 
fects of a short mean free path on the properties of a well defined superfluid 
Fermi liquid with anisotropic pairing. Transport coefficients and collective 
excitations, e.g. longitudinal sound, are expected to react sensitively to a 
short mean free path and to offer the possibility for testing recently developed 
models for quasiparticle scattering at aerogel strands. Sound experiments, 
together with a theoretical analysis based on Fermi liquid theory for systems 
with short mean free paths, should give valuable insights into the interaction 
between superfluid 3 He and aerogel. 

A model for liquid 3 He in aerogel based on a random distribution of short- 
ranged potentials acting on 3 He quasiparticles has been shown to account 
semi-quantitatively for the reduction of the transition temperature, T c , and 
the suppression of the superfluid density, p s (T) .§ Although the order param- 
eter for 3 He in aerogel is not firmly identified, measurements of the magne- 
tization indicate that the low pressure phase is an ESP state.a A transverse 
NMR shift is observed and is roughly consistent with that of an axial state 
even though the B-phase is stable in pure 3 He at these pressures. The addi- 
tion of a small concentration of 4 He, which coats the aerogel strands, induces 
a suppression of the magnetization for T < T^ Iogc \ indicative of a non-ESP 
state like the BW phase.0 Thus, the stability of the superfluid state of 3 He 
in aerogel is quite sensitive to the detailed interaction between 3 He and the 
aerogel strands. Calculations of the free energy for 3 He in aerogel which 
include anisotropic and magnetic scattering, and the effects of orientational 
correlations of the aerogel strands, confirm the sensitivity of the superfluid 
phases to the interaction between 3 He and the aerogelJitu 

The high porosity of the aerogel implies that the silica structure does 
not significantly modify the bulk properties of normal 3 He. The dominant 
effect of the aerogel structure is to scatter 3 He quasiparticles moving at the 
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bulk Fermi velocity. If the coherence length, £o = ^//27rT c o, is sufficiently 
long compared to the average distance between scattering centers then a 
reasonable starting point is to treat the aerogel as a homogenous scattering 
medium (HSM) described by a mean-free path £B In this article we discuss 
the effects of a short mean free path on some of the transport properties of 
liquid 3 He. The calculations presented below for sound propagation assume 
the BW phase is stable; however, the propagation and damping of low- 
frequency sound are expected to be qualitatively similar for other phases. 
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Fig. 1 - p-T phase diagram vs. I. The geometric mean-free 
path is estimated to be 1750 A. The data is from Ref. ||]. 

The superfluid transition temperature for 3 He in aerogel is suppressed by 
quasiparticle scattering off the aerogel structure. In the HSM model the 
suppression of T c is given by the Abrikosov-Gorkov formula, 

ln(T c0 /T c ) = *(i + I^)-*(i) , (1) 

with the pair-breaking parameter given by £o/^-0 Figure 1 shows the calcu- 
lated aerogel transition temperature for several values of the mean-free path. 
The pressure dependence of the calculated phase diagram is determined by 
the pressure dependence of the bulk transition temperature and the Fermi 
velocity via £n = hvf /2ttT c q. The experimental data for T c (p) is from Mat- 
sumoto, et al.u for an aerogel with ~ 98% open volume. For this porosity the 
typical diameter of the aerogel strands is d ~ 30 A and the mean distance 
between strands is D ~ 325 A, which should be compared with the bulk co- 
herence length £o — 700 A at p = 1 bar. The geometric mean-free path of the 
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aerogel determined from the surface to volume ratio, S — 2.6 x 10 5 cm -1 , is 
^gcom = %r/S — 1750 A. The calculations show a mean-free-path of this order 
gives good agreement with the phase diagram at low temperatures and low 
pressures, i.e. for = hvj /2-KkBT c (p, t) > D ~ 325 A, which corresponds 
to pressures p~15bar. Also note that the mean-field phase diagram shows 
a zero-temperature phase transition as a function of pressure determined by 
£o(p c ) = 0.28^. 

The transport properties of 3 He should also be strongly affected by scat- 
tering from the aerogel. In the normal state the quasiparticle distribution 
function, </>(p,R;e, t), satisfies the Boltzmann-Landau transport equation, 

% + „.v* + m* - m , (2 ) 



dt ' f ' T ' V de J dt 

where £ is the effective potential acting on the quasiparticles and I [(f)] is 
the collision integral. The effective potential consists of the external driving 
potentials and the internal potentials resulting from quasiparticle interac- 
tions. In pure liquid 3 He the quasiparticle lifetime is determined by inelas- 
tic collisions between quasiparticles and is of order r in ~ l/xs-mK 2 /T 2 at 
p = 15 bar. However, in aerogel the mean time between scatterings by the 
aerogel is r el = l/vf ~ 4 ns at the same pressure. Thus, for temperatures 
below T* ~ 16 mK the collision rate is dominated by quasiparticle scattering 
by the aerogel: l e \ = —^(4>— (0) PS )- This leads to strong reduction in 
the thermal conductivity and viscosity, and to an increase in the damping 
of hydrodynamic sound. The static transport coefficients exhibit cross-over 
behavior dictated by the scattering rate; the thermal conductivity and shear 
viscosity scale as 

1 at 2 2 / 1/^2 , T > T* 

I^W T ~{ const , T<T^ ^ 

above and below T*. Recent speculations that the low-temperature Dhase of 
3 He in aerogel for p < p cr is not described by Fermi-liquid theoryoQ can be 
tested by measuring these transport coefficients. 

At low frequencies a compressible aerogel will move nearly in phase with 
the 3 He density and longitudinal current mode; sound propagates but it 

is damped by the viscous coupling of the 3 He to the aerogel, a\ = -^ry, 

p c i 

where c\ is the hydrodyanmic sound velocity and p is the mass density of 
3 He. The viscous damping of hydrodynamic sound saturates for T < T* at 
a\/q ~ |(a;r e ;)/(l + Fq). At higher frequencies the impedance mismatch be- 
tween 3 He and the aerogel sound mode leads to an increasingly out-of-phase 
motion of 3 He excitations and aerogel. Hydrodynamic sound may become 
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overdamped and reemerge as a diffusive mode. The frequency at which the 
cross-over from damped hydrodynamic sound to an overdamped diffusive 
mode occurs depends on the elastic compliance of the aerogel and the mi- 
croscopic details of the coupling between 3 He and the aerogel strands. Here 
we assume the frequency is above this cross-over, in which case the hydrody- 
namic mode is an overdamped diffusive mode, u> = —iD s q 2 , where D s = c\r 
is the acoustic diffusion constant with 1/r = (1 + F(/3)/r e i. At still higher 
frequencies, lot 3> 1, zero sound can propagate, albeit with relatively high at- 
tenuation, ao — 1/cqt ~ 10 4 cm -1 at p = 10 bar. The regime for propagating 
zero sound is also pushed to higher frequencies, uj/2tt > Vf/2irt ~ 42 MHz 
at p = lObar. 
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Fig. 2 - Suppression of p s (T) by scattering at p = 10 bar 
with Ff = 8.6. Results in Born approximation are shown for 
bulk 3 He-B and mean-free paths £ = 1600 to 3000 A. The 
inset shows the 4 th sound velocity for the same values of the 
mean-free path. 

The collective mode spectrum of superfluid 3 He in aerogel is also expected 
to show significant changes compared to bulk 3 He.&Q , El A typical example 
is low frequency sound in superfluid 3 He {uj <C A/ft). In bulk 3 He one 
has collisionless zero sound and hydrodynamic first sound with nearly the 
same velocities, c\ c\ = |(1 + Fq)(1 + ^Ff)v"j, and small damping by 
quasiparticle-quasiparticle scattering (for reviews on sound and collective 
modes in 3 He see e.g. Refs. ||, [R], |ll]). In aerogel, on the other hand, 
one expects a behavior which is similar to sound in 3 He confined to small 
channelsiia Sound will be weakly damped for q£ 3> 1, ceases to be a well 
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defined mode for ql ~ 1, and reappears for ql <C 1 as fourth sound with a 
temperature dependent velocity, C4 ~ yj p s (T)/n c\. Fig. 2 shows the effects 
of elastic scattering on the superfluid density.^ Note the reduction in p s /p 
at T = 0. For a mean-free path of I = 1800 A less than 50 % of the 3 He mass 
density contributes to p s (T = 0). The inset shows the fourth sound velocity 
neglecting damping. 
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Fig. 3 - Spectral function of the density response %(q, u) 
for qi = 0.001. ..10. The results are for T/T c = 0.8, 
\jr e iT c = 0.01, Fq = 50 and Ff = 8.6; the corresponding 
zero sound mode is at u/vjq = co/vj = 8.1. 

Measurements of sound propagation in 3 He-aerogel should provide a sen- 
sitive test of the HSM model. We study the spectrum of longitudinal 
sound in this model by calculating the linear response of the 3 He den- 
sity, jo(q;o;), to a driving force of wavevector q and frequency u>. Our 
driving force will be a scalar field described by a potential, 5U ex t(ci; oS), 
which couples to the 3 He density. More realistic "experimental driving 
forces" require more elaborate calculations, which are not called for given 
the present experimental status. The calculation follows the quasiclassical 
versionlll of the method of Betbeder-Matibet and Nozieres.0 In the low fre- 
quency limit one has to solve Boltzmann-Landau transport equations for 
the branches of particle-like and hole-like excitations with distribution func- 
tions 8(f)Bi,B2 (p, R-; e> t). We keep the dominant Landau parameters, Fq 
and Ff, and obtain an effective scalar potential, <5u(q;u;), and longitudi- 
nal vector potential, <5a(q;u;) = vj • <5A(q;a;). The collision terms in the 
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HMS model have the form, Ibi,B2 = ~T^) 

bi,B2 - (S(f>Bi,B2^ F ^, where 
r(e) = £/v(e), and v(e) = Vf^/e 1 — \ A | 2 /e is the energy dependent quasipar- 
ticle velocity in the superfluid state. In the low frequency limit the transport 
equations have to be supplemented by Landau's self-consistency equations 
for the effective potentials, 5u and 5a, and the particle conservation law, 
p + V • j = 0. In this limit we can ignore the less important self-consistency 
equation for the amplitude, 8 | A |, of the order parameter. The five cou- 
pled linear equations for the distribution functions, the effective potentials, 
and the phase, (^(q;^), of the order parameter can be solved, and will be 
described elsewhere. 



1.00 



0.75 



3^ 

0.50 

£ 
7 



0.25 



0.00 



0.4 



0.2 



0.0 



-0.2 



-0.4 



Rex(q,to) 









10 



15 



T = 0.85T 
- T = 0.65 T 
-- T = 0.45T 

T - 0.35 T 

— T = 0.25T 



10 



12 



14 



co/qv, 



Fig. 4 - Temperature dependence of the imaginary and 
real (inset) parts of the spectral function x(q, uj) for 
T/Tc = 0.25 ... 0.85. The results are shown for qi = 0.1, 
qv f = 0.001T C , F,f = 50 and Ff = 8.6. 

The calculated crossover from weakly damped zero sound to weakly 
damped fourth sound is shown in Fig. 3. We display the frequency dependent 
spectral function, — Imx(q, w), for various wavelengths at fixed temperature 
and elastic scattering time. One can see clearly the transition from zero 
sound at vjq » l/r e ; to fourth sound at vjq <C l/r e /. Fig. 4 shows the real 
and imaginary parts of the response function, x(Qi w )> at various tempera- 
tures and fixed r e ;. Because of the short mean free path, q£ = 0.1, the zero 
sound resonance with wavevector q is overdamped in the normal state and 
just below T c . The damping decreases exponentially in the superfluid state 
for T A because of the freezing out of thermally excited quasiparticles; 
and, as can be seen from Fig. 4, a well defined zero sound mode develops. 



Sound Propagation and Transport Properties of Liquid 3 He in Aerogel 7 



We thank the Alexander von Humboldt-Stiftung, the Deutsche 
Forschungsgemeinschaft (SFB279) and the STC for Superconductivity (NSF 
91-20000) for their support. 

REFERENCES 

1. E. V. Thuneberg, S.-K. Yip, M. Fogelstrom, and J. A. Sauls, Phys. Rev. 
Lett, submitted (1996); |http://xxx@lanl.gov/cond-mat/abs/9601148| . 



2. D. Sprague et al, Phys. Rev. Lett. 75, 661 (1995); 77, 4568 (1996). 

3. J. A. Sauls, E. V. Thuneberg, and S.-K. Yip, preprint (1996). 

4. K. Matsumoto et al, Phys. Rev. Lett. 79, 253 (1997). 

5. J. M. Parpia, QFS97 invited talk (1997). 

6. M. J. McKenna et al, Rev. Lett. 66, 1878 (1991). 

7. N. Mulders et al, Phys. Rev. Lett. 67, 695 (1991). 

8. A. Kopf and H. Brand, J. Low Temp. Phys. (1997). 

9. P. Wolfle, in Progress in Low Temperature Physics, Vol. VTIA, ed. D. F. 
Brewer (North Holland, Amsterdam), 191 (1978). 

10. W. P. Halperin and E. Varoquaux, in Helium Three, eds. W. P. Halperin 
and L. P. Pitaevskii (Elsevier, Amsterdam), 353 (1990). 

11. R. H. McKenzie and J. A. Sauls, in Helium Three, eds. W. P. Halperin 
and L. P. Pitaevskii (Elsevier, Amsterdam), 255 (1990). 

12. H. Kojima, et al, Phys. Rev. Lett. 32, 141 (1974). 

13. C. H. Choi and P. Muzikar, Phys. Rev. B 37, 5947 (1988). 

14. J. W. Serene and D. Rainer, Phys. Rep. 101, 221 (1983). 

15. O. Betbeder-Matibet and P. Nozieres, Ann. Phys. 51, 392 (1969). 



